The effects of the peroxisome proliferators clofibric acid (p-chlorophenoxyisobutyric acid), tiadenol [2,2'-(decamethylenedithio)diethanol] and perfluoro-octanoic acid (PFOA) on hepatic stearoyl-CoA desaturation in male and female rats were compared. Treatment of male rats with the three peroxisome proliferators increased markedly the activity of stearoyl-CoA desaturase. Administration of clofibric acid or tiadenol to female rats increased greatly the hepatic activity of stearoyl-CoA desaturase, the extent of the increases being slightly less pronounced than those of male rats. In contrast with the other two peroxisome proliferators, however, PFOA did not change the activity of stearoyl-CoA desaturase in female rats. Hormonal manipulations revealed that this sex-related difference in the effect of PFOA on stearoyl-CoA desaturase activity is strongly dependent on testosterone. The increase in stearoyl-CoA desaturase activity by peroxisome proliferators was not accompanied by any notable increases in the microsomal content of cytochrome b5 or the activity of NADH: cytochrome b5 reductase. The administration of the peroxisome proliferators greatly altered the acyl composition of hepatic phosphatidylcholine and phosphatidylethanolamine (namely the proportions of C18:1 and C20:3 n-9 fatty acids increased in both phospholipids), and the alterations were partially associated with the increase in stearoyl-CoA desaturase activity.
INTRODUCTION
Stearoyl-CoA desaturase is an enzyme introducing a double bond at the C-9 position of stearoyl-CoA to form oleoyl-CoA [1] . Extensive studies revealed that the activity of stearoyl-CoA desaturase is regulated by many physiological factors, especially the hormonal and nutritional state of the animal [2] [3] [4] [5] [6] [7] . Stearoyl-CoA desaturase is one of the predominant factors controlling the acyl composition of hepatic lipid [7] . In comparison with numerous studies on the hormonal and nutritional regulation of stearoyl-CoA desaturase, less is known about effects of foreign compounds on this enzyme. Most chemicals tested were shown to be inhibitory to stearoylCoA desaturase [8] [9] [10] . Our previous studies, however, first showed that clofibric acid (p-chlorophenoxyisobutyric acid), a hypolipidaemic drug, increased markedly the activity of this enzyme in rat liver [11] and that the increase in stearoyl-CoA desaturase activity by clofibric acid caused great alterations of acyl composition of hepatic lipid [12] . Subsequent studies [13, 14] showed that acetylsalicylic acid, di-(2-ethylhexyl) phthalate, dibutyl phthalate, di-(2-ethylhexyl) adipate and tiadenol [2,2'-(decamethylenedithio) diethanol] also increased the activity of stearoyl-CoA desaturase. A common property among these chemicals is to be a peroxisome proliferator [15] .
A number of compounds have been confirmed to be peroxisome proliferators [15] . Recently perfluorinated carboxylic acids, such as PFOA (perfluoro-octanoic acid) and perfluoro-decanoic acid, were introduced to this list, owing to their dissimilarity in their structures to the known peroxisome proliferators, as a new class of peroxisome proliferators [16] . Our previous study [17] showed that PFOA markedly induced peroxisomal ,B-oxidation, microsomal 1-acylglycerophosphocholine acyltransferase and cytosolic long-chain-acyl-CoA hydrolase in male rat liver and that these inductions were strongly dependent on gonadal hormones. This strong sex-related difference has not been observed for other peroxisome proliferators. These Male and female rats of the Wistar strain, weighing 120-150 g and 100-130 g respectively, were used. Rats were fed on a commercial diet or on that diet supplemented with 0.5% (w/w) clofibric acid, 0.50% (w/w) tiadenol or 0.0200 (w/w) PFOA for 1 week. For the dose-response experiments, male rats were fed on a diet containing PFOA at doses of 0, 0.0025, 0.005, 0.01 or 0.02 o (w/w) for 2 weeks. Female rats were fed on a diet containing PFOA at doses of 0, 0.01, 0.02, 0.04 and 0.08%" (w/w) for 2 weeks.
Some male rats (weighing 70-80 g) were castrated 28 days before being killed. These rats were subcutaneously administered testosterone propionate (10 mg/kg of body weight) with corn oil as a vehicle once every 2 days for 3 weeks before being killed. Non-treated controls were given corn oil (0.1 ml/ 100 g of body weight). In some experiments, female rats (weighing 80-90 g) were treated with testosterone propionate (10 mg/kg of body weight) once every 2 days for 3 weeks before being killed. These rats were fed on a control diet or a diet containing 0.01 00 (w/w) PFOA for 2 weeks before being killed.
At the end of the treatments, rats were killed by decapitation. Livers were isolated and perfused with icecold 0.90 NaCl. The livers were homogenized in 0.25 Msucrose and microsomes were prepared by differential centrifugation as described previously [17] . Protein concentrations in microsomal suspensions were determined by the method of Lowry et al. [18] , with bovine serum albumin as standard.
Enzyme assays
Stearoyl-CoA desaturase was assayed essentially as described by Oshino et al. [19] as described previously [11] and the activity presented as the rate constant (k+) for stearoyl-CoA-stimulated reoxidation of NADHreduced cytochrome b5 [20] . NADH: cytochrome c reductase and NADH:ferricyanide reductase were assayed by the methods of Oshino et al. [21] and Rogers & Strittmatter [22] respectively. The microsomal content of cytochrome b5 was measured by the method of Omura & Sato [23] .
Lipid analysis
Lipids were extracted from liver homogenates or microsomal suspensions by the method of Bligh & Dyer [24] . Phosphatidylcholine and phosphatidylethanolamine were isolated by t.l.c. as described by Skipski et al. [25] and were recovered from silica gel as described previously [12] . Fatty acids in these phospholipids were transmethylated with BF3/methanol [26] . Analyses of fatty acids were performed by g.l.c. as described previously [ 
RESULTS
Effects of peroxisome proliferators on desaturation and acyl composition Table 1 compares effects of peroxisome proliferators on the microsomal stearoyl-CoA desaturation system in livers of male and female rats. Treatment of male rats with clofibric acid, tiadenol or PFOA increased markedly the activity of terminal desaturase without changing considerably either the microsomal content of cytochrome b5 or the activity of NADH: ferricyanide reductase. The activity of NADH: cytochrome c reductase was decreased effectively by the challenges with the peroxisome proliferators. PFOA increased the activity of stearoyl-CoA desaturase rather less than did the other peroxisome proliferators. Administration of clofibric acid or tiadenol to female rats increased greatly the activity of stearoylCoA desaturase, with changes in the other components of the microsomal desaturation system similar to those seen in male rats, although the extent of the increase was slightly less pronounced than that observed in male rats. PFOA did not increase the activity of stearoyl-CoA desaturase in the liver of female rats. Table 2 shows effects of peroxisome proliferators on the acyl composition of hepatic phosphatidylcholine of male and female rats. The administration of the three peroxisome proliferators to male rats caused a marked increase in proportions of Ci8:1i C20:3,n-9 and C20:3,n-6 fatty acids; the treatments decreased markedly proportions of C18:2 and C22:6 fatty acids. Similarly, treatment of female rats with clofibric acid or tiadenol increased the proportions of Cl8: , C20:3,n and C20:3,n-6 fatty acids and decreased the proportion of C18:2 fatty acid. No discernible change in the proportion of C22:6 fatty acid was observed in female rats. Administration of PFOA to female rats did not cause a significant change in the acyl composition of phosphatidylcholine. Table 3 shows effects of the three peroxisome proliferators on the acyl composition of the hepatic phosphatidylethanolamine of male and female rats. Compared with the changes brought about in phosphatidylcholine, similar, but less pronounced, changes were observed in the proportions of C18:1 C18:2 C20:3,n-99 C20:3,n-6 and C22:6 fatty acids in the phosphatidylethanolamine of male rats. In contrast with the situation in phosphatidylcholine, however, the treatments of rats with tiadenol or PFOA significantly increased the proportion of C20 : 4 (Fig. 1 b) . On the other hand, the treatment of female rats with PFOA at 0.0800 increased slightly, but significantly, the activity of stearoyl-CoA desaturase, whereas no change was seen in the activity of the desaturase when female rats were treated with PFOA at doses lower than 0.04°,, (Fig. 1c) . PFOA caused no significant change in the microsomal content of cytochrome b5 and the activities of two reductases which participate in electron transfer to the terminal desaturase (Fig. ld) . Fig. 2 shows the effects of PFOA at various doses on the acyl composition of microsomal phosphatidylcholine and phosphatidylethanolamine in male and female rats. In association with the increase in desaturase activity shown in Fig. l(a) , a dose-dependent increase in the proportion of C18 I 1 fatty acid was observed in the phosphatidylcholine of male rats. Conversely, the proportion of C18 2 fatty acid decreased in a dose-dependent manner. C20:3 -9 fatty acid appeared at the doses higher than 0.005o0, and the proportion of C,0: 3, n-6 fatty acid increased considerably. The proportion of C., 6 fatty acid also decreased significantly, although no significant change was seen in the proportion of C,0:4 fatty acid.
Changes in the acyl composition of phosphatidylethanolamine were similar to those seen in that of phosphatidylcholine, with the magnitude being smaller than in that of phosphatidylcholine (Fig. 2c) . In contrast with the situation regarding phosphatidylcholine, the proportion of C20:4 fatty acid in phosphatidylethanolamine was increased slightly by treatment of male rats with PFOA. No appreciable change was observed in the acyl composition of either phosphatidylcholine or phosphatidylethanolamine of female rats, except for a slight increase (Table 4) . Administration of PFOA to castrated rats that had been pretreated with testosterone caused a marked increase in stearoyl-CoA desaturase activity. PFOA increased greatly the activity of stearoyl-CoA desaturase in the female rats which had also been treated with testosterone. These increases in stearoyl-CoA desaturase activity were achieved without appreciable changes in the microsomal content of cytochrome b5 and in the activity of NADH: ferricyanide reductase. The activity of NADH: cytochrome c reductase was greatly decreased, in association with the increase in stearoyl-CoA desaturase activity.
DISCUSSION
With regard to a sex-related difference in the effects of peroxisome proliferators, a number of studies have been performed [27] [28] [29] [30] [31] [32] [33] . In most of those studies, only the activities of peroxisomal enzymes and peroxisome proliferation were used as parameters to estimate the response of animals to those chemicals. However, the inductions of peroxisome proliferation and peroxisomal enzymes are merely one of many responses of animals to the challenges by peroxisome proliferators. We found previously a sex-related difference in response of rats to three peroxisome proliferators, clofibric acid, tiadenol and PFOA, in relation to four parameters, hepatomegaly, peroxisomal ,8-oxidation, microsomal I -acylglycerophosphocholine acyltransferase activity and cytosolic acylCoA hydrolase activity [17] ; especially with regard to sex-related differences, PFOA was more potent than were the other two peroxisome proliferators.
The present study showed that a sex-related difference in the increase in stearoyl-CoA desaturase activity by clofibric acid and tiadenol was not so obvious as those observed previously for other parameters [17] . Never [34] [35] [36] [37] , and that the activity of NADH: cytochrome b5 reductase can be assayed by using ferricyanide as an electron acceptor [38] . When cytochrome c was employed as an electron acceptor, the apparent rate of electron transfer through the binary electron-transport system of NADH: cytochrome b5 reductase and cytochrome b5 can be measured [39] . The present study showed that the peroxisome proliferators increased the activity of stearoyl-CoA desaturation by increasing terminal desaturase activity without changing the microsomal content of cytochrome b5 and the activity of NADH cytochrome b5 reductase. On the other hand, the peroxisome proliferators decreased the activity of NADH cytochrome c reductase, suggesting that peroxisome proliferators interfered with electron transfer at the step from NADH: cytochrome b5 reductase to cytochrome b5 and/or at the step from cytochrome b5 to cytochrome c. However, the decrease in the activity of NADH: cytochrome c reductase does not appear to affect the increase in activity of terminal desaturase by peroxisome proliferators. Moreover, the sex-related difference seen in the increase in the activity of stearoyl-CoA desaturation by PFOA is merely due to terminal desaturase, but not due to the other two components.
Recently an inhibitory effect of perfluorodecanoic acid on hepatic stearoyl-CoA desaturase in male rats was reported [40] . That [17, 42] and to a preferential utilization of molecular species of diacylglycerol containing monoenoic acid for the formation of phosphatidylcholine [43] . A marked increase in the proportion of C18: fatty acid and a corresponding decrease in the proportion of C18 :2 fatty acid were brought about in triacylglycerol by treatment of male and female rats with clofibric acid or tiadenol and of male rats with PFOA, and were comparable with those of phosphatidylcholine (Y. Kawashima, N. Uy-Nu & H. Kozuka, unpublished work).
The reasons for the decreases in proportions of C18.2 and C22 :6 fatty acids and for the increase in proportion of C20:3,n-6 fatty acid of phospholipids by the treatment of rats with the peroxisome proliferators still remain unknown. Groener et al. [44] previously reported similar findings, namely that changes in the acyl composition in phosphatidylcholine and triacylglycerol after refeeding starved rats with a high-carbohydrate diet were much more marked than those in phosphatidylethanolamine;
the changes which they observed in the acyl composition of the three glycerolipids are similar to those observed in the present study. Accordingly, taken together, some mechanism may operate to maintain the acyl composition of phosphatidylethanolamine even under altered physiological conditions.
Since it is thought that phosphatidylcholine and phosphatidylethanolamine are produced in the endoplasmic reticulum [45] and are distributed to other intracellular organelles [46] and that the acyl composition of phospholipids affects many membrane-associated functions [47] [48] [49] [50] [51] [52] , peroxisome proliferators may affect membrane-associated functions through the disturbance of the acyl composition of membrane phospholipids. Accordingly, it seems that PFOA differently affect membrane-associated functions through the marked differences in the acyl composition of phospholipid between male and female rats.
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